In direct seeding of rice (Oryza sativa L.), rice seedlings are exposed to low oxidation-reduction (redox) potential soil, and to low temperatures in cold areas. In order to trace the genealogy of tolerance to low redox potential among Japanese rice cultivars, we selected 12 Japanese rice cultivars that had been released over the past century and determined the ability of their seedlings to tolerate immersion in low redox culture solution of Eh = −150 to −180 mv. Seedlings with coleoptiles and radicles of about 1 to 2 cm were incubated in low redox potential culture solution for 2 days at 18 and 30°C, and then in distilled water for 3 days at the same temperatures to examine the recovery abilities. The lengths of shoots and roots were measured after pre-germination, after low redox treatment, and after recovery from damage that occurred in the de-oxidized solution. At 30°C, the tolerance of low redox potentials was positively and significantly correlated with recovery from damage that occurred in the de-oxidized solution. The high tolerance of recent cultivars to these low redox potentials at 30°C appeared to originate from Fujisaka 5. However, at 18°C, the differences among the cultivars in their tolerance of low redox potentials and in their ability to recovery became small.
Introduction
Rice (Oryza sativa L.) is a crop that is cultivated under flooded conditions. Either rice plants or rice seedlings can be planted in flooded soil. The latter method, referred to as direct seeding, is more labor saving and less expensive than transplanting (Fujioka 1987) , but it inevitably exposes the seedlings to hypoxic conditions. Mature rice plants are endowed with a well-developed air-ventilation system (Arikado 1955) , which reaches from the stomata in leaves via the leaf sheath and culm to the roots. By contrast, rice seedlings do not have a well-developed air-ventilation system (Kawai and Uchimiya 1999) . Thus, rice seedlings must acquire energy (ATP, etc.) and/or various cellular components needed for seedling growth, such as glucose and amino acids, mainly through anaerobic metabolism (Kanda and Takahashi 1951, Takahashi 1955) .
As early as the 1930's, it was found that rice roots require more oxygen for full growth than the roots of other aquatic plants (Miura 1933) , even though rice plants are endowed with an air-ventilation system which runs from the leaves to the roots via sheaths called lysigenous aerenchyma. Therefore, in flooded soil, where the amount of oxygen is limited, rice roots must compete with microorganisms for the available oxygen. Although aerobic microorganisms partially consume free oxygen in a flooded field, anaerobic microorganisms predominantly consume free oxygen in the flooded mud soil as well as the oxygen contained in other substances such as nitrates, Fe-and Mn-compounds, and sulfates (Takai 1961a (Takai , 1961b (Takai , 1961c (Takai , and 1961d . Deoxidization of sulfates results in the production of detrimental H 2 S gas, followed by a low activity of Fe ++ ions due to the formation and deposition of FeS. In order to compensate for the severe oxygen deficiency in direct seeding, pregerminated rice seeds are coated with calcium peroxide (CaO 2 ) powder (e.g., Hagiwara et al. 1990 ). These cultivation techniques have, to some extent, improved seedling establishment in direct seeding (Mitsuishi and Imura 1982) . However, how well seedlings are established varies with the cultivation area, the year, the quality of the soil under flooded conditions, and the cultivar (Fujioka 1987) . Thus, a better understanding of the genetic characteristics of different rice cultivars may help to develop improved and less expensive methods for establishing seedlings in submerged cultivation areas. However, little information is available on genetic traits that are related to germination and seedling establishment in direct seeding, that is, under de-oxidized conditions. To better understand these traits, we examined varietal variations in rice seedling growth under low oxygen stress with reference to the genealogical relationships of Japanese rice cultivars.
Materials and Methods

Cultivars
Twelve rice cultivars that were released between 1882 and 1969 (Table 1 and Fig. 1 , data from Kushibuchi 1997) were selected to examine varietal variations in growth characteristics of seedlings in low redox potential culture solution. The seeds were harvested in 1998 and were used for the 
Low redox potential solution
The low redox potential solution was prepared by bubbling with nitrogen gas that had been passed through a 0.5 % (w/V) pyrogallol solution to eliminate residual oxygen. The redox potential which was maintained in a range of Eh = −150 to −180 mv was measured with an Eh gauge (HitachiHoriba Co. Ltd, Kyoto). Furthermore, because hydrogen sulfide (H 2 S) gas is naturally present in rice paddy field, the low redox potential solution was bubbled with the H 2 S gas for 5 minutes at a rate of 2 ml/min. The H 2 S gas was produced by heating solid hydrogen sulfide (Iimura and Sasahara 2000) .
Experiment
Exactly the same as this text, de-husked seeds were sterilized in 20 % hypochlorite solution for 20 min, washed three times with tap water, and incubated for 2 days at 30°C (pre-germination). Then, whole seedlings were immersed in low redox culture solution for 2 days (reduction treatment), and then incubated in 10-cm-deep Petri dishes containing 3 cm of distilled water for 3 days (recovery period). As a control, seedlings were treated in the same way except that distilled water was used in place of the low redox culture solution. These experiments were conducted in two incubators maintained at 18 and 30°C.
For each cultivar, three seeds were placed in a stainless wire mesh container (3 × 3 × 3 cm) for pre-germination. Three replications were done for each cultivar. The lengths of shoots and roots were measured.
Evaluation of tolerance and recovery
The reduction tolerance rates and recovery rates of shoots and roots at 18 and 30°C were calculated as follows.
Reduction tolerance rate of shoots 
Reduction tolerance rate of roots
Recovery rate of shoots Recovery rate of roots
Results and Discussion
Seedlings of the 12 cultivars were immerged in low redox culture solution containing H 2 S gas for 2 days (reduction treatment), and then incubated in distilled water for 3 days (recovery period), at both 18 and 30°C. The lengths of shoots and roots of the doubly stressed seedlings are shown in Table 2 and Table 3 , respectively.
At both temperatures, shoot lengths of Fujisaka 5 (No. 8), Sasanishiki, Todoroki-wase and Toyonishiki tended to be longer than those of other cultivars after the reduction treatment. The shoot lengths of Todoroki-wase and Toyonishiki tended to be also longer than those of other cultivars after the recovery period, although three native cultivars, namely, Aikoku, Kameno-o and Asahi, exhibited much higher rates of shoot growth (Table 2) . At both temperatures, Riku-u 132, Norin 8, Koshihikari and Toyonishiki exhibited higher rates of root growth than the other cultivars after both the reduction treatment and recovery period (Table 3) .
These results indicate that shoot growth and root growth are not regulated by simple genetic systems. However, only one cultivar, Toyonishiki showed similar and relatively higher growth rates of shoots and roots under reduction stresses and deliverance from stresses, indicating that genes relating to the growth of shoots and roots under severe stresses or during recovery in the present experiments can be accumulated in one cultivar.
The ratios of shoot or root lengths under reduction and recovery treatments to the corresponding lengths under the control treatments were used to determine the relationships between the reduction tolerance rate and the recovery rate (Fig. 2) . At 18°C, the reduction tolerance rate was not significantly correlated with the recovery rate in either shoots or roots. Values of these two parameters ranged from 60 to 130 % in shoots and from 40 to 100 % in roots, i.e., they varied over relatively narrow ranges. These results indicate that the reduction treatment under the added stress of low temperature, i.e., under double stress, severely depressed seedling growth of all the cultivars used. However, the recovery rates of shoots and roots tended to be slightly higher in Aikoku and Kameno-o, indicating that the air-ventilation system in these cultivars described by Arikado (1955) had developed rapidly compared with other cultivars. Thus, these cultivars appear to be a genetic resource that can be used to improve the leading cultivars, which are not adapted for direct seeding.
At 30°C, the reduction tolerance rate was positively and significantly correlated with the recovery rate in both shoots and roots. The reduction tolerance rate and the recovery rate in both shoots and roots were higher in Norin 22, as they were in Kameno-o, Fujisaka 5, Todoroki-wase, and Toyonishiki. However, they were lower in the descendants of Norin 22, such as Sasanishiki and Koshihikari, than in other cultivars. Therefore, the higher reduction tolerance and recovery rates in Todoroki-wase and Toyonishiki seem to have originated from Fujisaka 5, rather than from the ancient and famous ancestors of the recent cultivars with higher eating quality, Kameno-o and Norin 22 ( Fig. 1 and Fig. 2 ). About 550,000 ha, corresponding to about 35 % of the area used for rice cultivation in Japan, are devoted to Koshihikari, almost all of which is transplanted. Direct seeding cultivation of Koshihikari would save labor and cultivation costs, but unfortunately Koshihikari is not suitable for direct seeding (Hagiwara and Imura 1993) . Although the present results are consistent with this assessment, the genetic traits related to the reduction tolerance rate and the recovery rate of Koshihikari can be improved by crossing it with Todoroki-wase and Toyonishiki as well as by crossing it with Kameno-o, Norin 22 and Fujisaka 5.
